ABSTRACT: The contact of two hydrophobic surfaces in water is of importance in biology, catalysis, material science, and geology. A tenet of hydrophobic attraction is the release of an ordered water layer, leading to a dry contact between two hydrophobic surfaces. Although the waterfree contact has been inferred from numerous experimental and theoretical studies, this has not been directly measured. Here, we use surface sensitive sum frequency generation spectroscopy to directly probe the contact interface between hydrophobic poly-(dimethylsiloxane) (PDMS) and two hydrophobic surfaces (a selfassembled monolayer, OTS, and a polymer coating, PVNODC). We show that the interfacial structures for OTS and PVNODC are identical in dry contact but that they differ dramatically in wet contact. In water, the PVNODC surface partially rearranges at grain boundaries, trapping water at the contact interface leading to a 50% reduction in adhesion energy compared to OTS−PDMS contact. The Young−Dupréequation, used extensively to calculate the thermodynamic work of adhesion, predicts no differences between the adhesion energy for these two hydrophobic surfaces, indicating a failure of this well-known equation when there is a heterogeneous contact. This study exemplifies the importance of interstitial water in controlling adhesion and wetting.
■ INTRODUCTION
Hydrophobic interactions are used to explain many phenomena prevalent in physical and biological sciences, such as protein folding, 1 self-assembly, 2−6 dewetting, 7 adhesion, 8 friction, 9 adsorption, 10 water transport, 11, 12 and chemical reactions. 13 The hydrophobic adhesion is defined as the difference in interfacial energy between two hydrophobic surfaces before and after contact underwater. 14 Experimentally, direct force measurements 15−17 or contact angle measurements 18 have been used to measure adhesion energy where the contact between two hydrophobic surfaces is assumed to be dry. This drying phenomenon has been supported by molecular simulations between hydrophobic surfaces 6, 19, 20 but never experimentally verified.
Recent findings are challenging the concept of dry hydrophobic contact. X-ray crystallography has observed the presence of water within protein cavities of varying hydrophobicity which can affect the strength of protein−ligand binding. 21, 22 Simulations have also shown that water can be sequestered between hydrophobic plates with a relatively small centralized hydrophilic patch. 23 Ambiguity also remains as to how dry contact is established underwater. The entropy gained by releasing interstitial water between hydrophobic surfaces prior to contact could be facilitated by a depleted density profile at the hydrophobic water interface, 24, 25 the presence of nanobubbles, 26 or the concept of increased fluctuations in interfacial water. 27 To understand the role of water in adhesion and contact angles, we have used surface sensitive sum frequency generation spectroscopy (SFG) to directly study the contact interface between two hydrophobic surfaces underwater. Octadecyltrichlorosilane monolayer (OTS) and spin-coated semicrystalline (T m ∼ 50°) poly(vinyl-n-octadecyl carbamate) films (PVNODC) were chosen because these surfaces are considered to be equally hydrophobic. 28 Both of these surfaces are composed of well-ordered all-trans long hydrophobic chains with surface terminal methyl groups, which results in high static water contact angles and low contact angle hysteresis. 29−32 When in contact with water, the surface composition of PVNODC changes to expose hydrophobic methylene groups at the crystalline grain boundaries in addition to the ordered terminal methyl groups in the crystalline regions. 31 The Johnson−Kendall−Roberts (JKR) approach was used to measure the adhesion energy between a deformable hydrophobic poly(dimethylsiloxane) (PDMS) lens in contact with OTS and PVNODC in dry and wet conditions. In dry conditions, both surfaces exhibited similar adhesion energies using the JKR approach and the Young−Dupréequation. We observed 50% lower work of adhesion for PVNODC compared to OTS surfaces from underwater JKR experiments. Surprisingly, the thermodynamic works of adhesion underwater calculated from the Young−Dupréequation for both PVNODC and OTS in contact with liquid were identical.
In contact mechanics, the underwater adhesion energy is dictated by the actual contact area, and a lower adhesion energy implies incomplete contact due to the presence of interstitial water. 29 This hypothesis was directly confirmed using SFG by the observation of a water layer between elastomeric PDMS− PVNODC contact. In comparison to contact mechanics, the contact angle measurements are only sensitive to the surface structure near the contact line, 33 and the contact area is assumed to be homogeneous. However, SFG measured water between the liquid PDMS−PVNODC contact interface and this indicates the breakdown of the Young−Dupréequation in predicting the thermodynamic work of adhesion (W a ) when the contact region is heterogeneous. The subtle rearrangements of the hydrophobic side chains of PVNODC in contact with water lead to lower adhesion energy and wet contact. Our results highlight the importance of understanding the role of interstitial water in understanding adhesion, a topic relevant for numerous scientific disciplines.
■ EXPERIMENTAL SECTION
An Olympus microscope was used to measure lens' radii, which were analyzed by CellSens software. A home-built JKR apparatus shown in Figure 1a measured the W a in dry and wet environments. The load cell, Futek LSB 200, was attached to a translating stage moving in the Z direction with a maximum capacity of 1 N. A zigzag glass arm was fixed to an X−Y translating base. The ribbon and lens were placed on the glass support which allowed the load cell with the substrate to approach the lens. 30 Prior to all wet measurements, all glassware and metal components were thoroughly cleaned. In wet conditions, PDMS, OTS, or PVNODC was prepared on sapphire plates for optical contrast and submerged in a glass dish.
All components were placed on a vibration damping table at room temperature. A lid was designed to minimize evaporation loss, 1−3 μN/min, and was accounted for in the loading and unloading values. The rubber lens was carefully brought into contact with a computercontrolled high-resolution picometer motor. After confirming contact with the microscope, the lens was loaded in 0.1−0.2 mN intervals at 0.02 μm/s every minute. Unloading measurements were done continuously at a rate of 0.01 μm/s. Loading and unloading rates were done at the slowest rate allowed by the instrumentation. The lens traveled an estimated distance of 4−6 μm in one direction as measured by a 0-15-0 dial test indicator.
To obtain an underwater loading curve, the lens was brought into contact under various preloads with the substrate and then translated using the X-Y stage until strong optical contrast was achieved. Strong contrast was indicative of good contact underwater, observed in zero load measurements. By translating the lens, equilibrium contact was established quickly. This procedure was done at various preloads to collect data for a loading curve. For unloading underwater, the lens was preloaded and translated to achieve equilibrium contact, followed by continuous unloading. Zero load measurements were achieved by gently placing a lens on top of the substrate of interest and recording the contacting image. To determine the W a , the modulus K was assumed from the JKR loading experiments in dry and wet conditions.
A Ramehart contact angle goniometer was used to measure contact angles to determine wettability. Water contact angles, advancing and receding, were measured at a 30°tilt. Hexadecane and PDMS contact angles were taken within 5 s of drop application to avoid swelling in dry conditions. For underwater contact angles, surfaces were submerged in a quartz container. PDMS was dropped onto the surfaces underwater, and 5 min was allowed for the sample to equilibrate. No noticeable swelling was observed with liquid PDMS on PDMS cured sheets underwater.
SFG is a second-order nonlinear optical technique sensitive to the concentration and orientation of interfacial molecules. Under the electric dipole approximation, the SFG signal is generated at a surface, and the contribution from the isotropic bulk is negligible. The SFG measurement involves mixing a visible laser beam of a fixed wavelength with a tunable infrared (IR) beam. The SFG signals are enhanced when the scanning IR wavenumber overlaps with the stretching vibrations of the chemical groups at the surface. Chemical identity and orientation of molecular species at an interface can be determined by SFG with a combination of polarized input and output beams in conjunction with the location of the resonance enhanced SFG signal. 34, 35 The critical angles, 42°, 16°, and 8°with respect to the surface normal of an equilateral sapphire prism, were chosen to selectively probe the polymer/air, polymer/water, and polymer/ elastomer interfaces, respectively. SFG spectra were acquired at room temperature with a picosecond Spectra-Physics laser system producing a tunable wavelength IR beam (1 ps pulse width and 1 kHz repetition rate) and a visible beam (800 nm wavelength, 1 ps pulse width, and 1 kHz repetition rate). The laser beam size was estimated to be 1 mm 2 focused over a spot area of 2.3 mm 2 , when the lens is in mechanical contact. The lens' radii (R) were between 2.6 and 3.0 mm with a contact radius (a) of 0.85−0.9 mm. The applicability for JKR occurs when a/R < 0.4. The SFG spectra were collected by scanning in ranges from 2200 to 3800 cm −1 in SSP and PPP polarizations (s-polarized SFG output, s-polarized visible input, and p-polarized IR input for SSP and all p-polarizations in PPP configuration). The resolution of the spectrometer is estimated to be 5 cm −1 . The resulting spectra were modeled for peak identification using a Lorenztian fitting function
where χ eff,NR describes the nonresonant contribution. A q , Γ q , and ω q are the amplitude, damping constant, and angular frequency of the qth vibrational resonance, respectively. Table 1 , for numerical results). We also report the W a calculated using JKR measurements under zero load following the procedure reported by Chaudhury and co-workers. 29 The JKR measurements for dry PDMS−PDMS contact have been reported before, and they serve as a control to judge the validity of our experimental technique. 29 The results of adhesion energy and the small hysteresis between approach and retraction are consistent with those reported in the literature. 29, 30, 37 The JKR measurements for PDMS−OTS in dry and wet conditions are similar to those measured for PDMS−PDMS contact. The JKR results for PDMS−PVNODC are only similar to PDMS− PDMS and PDMS−OTS under dry conditions. 31, 38 However, the W a for PDMS−PVNODC in water is much lower than that for PDMS−PDMS and PDMS−OTS contact. A similar conclusion is reached using the results from zero load measurements, where some PDMS lenses floated atop the PVNODC substrate, while others adhered poorly. Additionally, the adhesion hysteresis is much larger for PDMS−PVNODC compared with PDMS−OTS and PDMS−PDMS underwater.
■ RESULTS AND DISCUSSION
Figures 1i,j also summarize the W a calculated by measuring contact angles (θ) of PDMS on all three surfaces in air (a) or underwater (w) using the Young−Dupréequation (Table 1 )
where γ PDMS,(a or w) is the interfacial tension for PDMS−air (a) or PDMS−water (w) (section SI2). The results calculated from the Young−Dupréequation for liquid PDMS−PVNODC are consistent with JKR measurements for PDMS−OTS contact in all conditions and are almost 50% higher than the values measured using JKR for PDMS−PVNODC contact in water.
To understand the differences between OTS and PVNODC surfaces, we used surface sensitive SFG to probe the dry and wet contact interface (Figure 2a). Figures 2b,c show the SFG results, measured in dry conditions replicating those used in JKR experiments (before, during, and after contact). For both OTS and PVNODC the prominent peaks in the SFG spectra are for ordered terminal methyl groups, 31, 36 depicted in Figure  2d , characteristic of low-energy surfaces depicted. The absence of methylene signals indicates an all-trans conformation of the hydrophobic alkyl chains. The SFG spectral features after contact are similar to the pristine surfaces before contact, confirming that there are minor surface rearrangements upon contact for both OTS and PVNODC surfaces. These results are also consistent with the small hysteresis observed in the JKR experiments under dry conditions. The SFG results of liquid PDMS in dry contact with OTS have been reported elsewhere and are identical to our results of dry elastomeric PDMS−OTS contact. 39 Given that the adhesion energies of OTS and PVNODC are similar in dry conditions for all macroscopic measurement techniques, we expect the molecular features of liquid PDMS in contact with OTS and PVNODC to be similar. Figures 3a,b show the SFG measurements underwater for PDMS−OTS contact, presented in the hydrocarbon (2800− 3100 cm −1 ) and water (3100−3800 cm −1 ) regions. As previously discussed, the OTS−air surface is covered with terminal methyl groups. Underwater, the OTS structure is relatively unchanged, with perhaps a small shoulder visible in the methylene region (2845 cm −1 ) (Figure 3f ). This small shoulder could be due to gauche defects generated at the grain boundaries. The magnitude of this methylene peak depends on the quality of the OTS monolayer, and the structure underwater is very sensitive to these defects. 40 The position of the CH 3,Fermi peak is slightly red-shifted (Δ 7 cm −1 ), consistent with the hypothesis that these chemical groups are in direct contact with water and that there is no depletion layer between the water and the hydrophobic OTS surface. 24 The spectral signature in the water region for OTS−water interface shows a strong, hydrogen-bonded water peak (3100 cm Figure 3b ). In comparison, the OTS−air interface is relatively dry where a small signature in the OH region could be due to the interface between OTS and the underlying OH groups on the sapphire substrate. The contact interface between PDMS−OTS is almost identical to the dry OTS surface, except that a strong, hydrogen-bonded water peak observed near 3100 cm −1 is absent, indicating that the contact interface underwater is dry. Interestingly, the weak methylene peak is also diminished in intensity indicating a dry OTS− PDMS contact interface. After separating the PDMS−OTS contact, we recover the structure observed for OTS in contact with water. After drying, we recover the dry OTS surface prior to contact before water and PDMS.
We complemented the SSP SFG spectra with SPS polarization to test for OTS ordering under different contacting conditions. SPS polarization results are sensitive to the orientation of the all-trans self-assembled OTS chains. 31 Figure S1a −c). We have also measured the SFG spectra in D 2 O to avoid any confusion with the spectral interpretation of confined water and the surface OH peak of the sapphire substrate both dry and wet shown in Figure 3e . These results support the conclusion that the contact interface between PDMS−OTS underwater is dry. The SFG results are consistent with dry contact hypothesized from the JKR measurements and those calculated using the Young−Dupréequation. Additionally, the complete recovery of the interfacial structure was consistent with the small hysteresis observed for PDMS−OTS JKR measurements underwater. It is interesting that the SFG results for PDMS−PVNODC surfaces in contact underwater (Figures 3c,d ) are strikingly different from the PDMS−OTS contact. SFG observes structural rearrangements of PVNODC with the addition of water by a pronounced methylene symmetric peak at 2860 cm −1 and a methylene asymmetric peak at 2920 cm −1 ( Figure  3g ). The methyl symmetric peak at 2870−75 cm −1 and methyl Fermi peak at 2930 cm −1 are also observed in the SFG spectra, indicating that not all methyl chains are disordered upon contact with water. In contact with PDMS, the PVNODC interface shows very different spectral features compared to those in dry or wet contact. A restructured contact interface shows peak assignments at 2850, 2875, and 2935 cm −1 , representing a shifted CH 2,sym , CH 3,sym , and CH 3,Fermi . 31 There is also a peak at 2900−2905 cm −1 , possibly from Si−CH 3 from the contacting PDMS. 32 After separating the PDMS− PVNODC contact, the spectral features are almost recovered. The small differences before and after contact are in the relative intensities of the methyl and methylene peaks. After drying, the PVNODC air surface is the same as observed prior to water and PDMS contact.
The spectra in the water region offer some interesting insight into the nature of the contact interface. The PVNODC surface in contact with water shows a small peak near 3700 cm −1 , indicating interactions of OH groups of water with hydrophobic groups (van der Waals interactions). This has been observed for water in contact with OTS surfaces. 41 It is also possible that the signal in the 3700 cm −1 region could be due to surface OH from the sapphire substrate, as seen with OTS (Supporting Information, Figure S1b ). However, we have ruled this hypothesis out due to several reasons. First, we have spincoated PVNODC films with thicknesses of ≈300 nm to minimize the contributions from the sapphire substrate. The predictions of the SFG intensity in SSP polarization as a function of film thickness are provided in the Supporting Information (Figures S3a−d) . Second, no such peak is observed for PVNODC in contact with D 2 O (Figure S3b ) in the H 2 O region. Instead, we observed a strong hydrogenbonded OD peak at 2410 cm −1 and a second OD peak near 2725−30 cm −1 (associated with OD in contact with hydrophobic methyl groups).
The spectra for PVNODC in contact with PDMS underwater show that a strongly hydrogen-bonded water peak (3225 cm −1 ) was still present, indicating that the water was not squeezed out from the contact region. Because PVNODC is semicrystalline, it is unlikely that water has penetrated or absorbed into the film. We observed a second peak in the water region near 3600−3650 cm −1 , associated with the OH groups of water interacting with PDMS or PVNODC. 42 This peak is shifted with respect to that observed due to van der Waals interactions of OH group in contact with hydrophobic groups (3700 cm −1 ). We have again verified that the peak near 3605 cm −1 is not due to the contribution from surface OH groups at the PVNODC−sapphire interface. When H 2 O is replaced with D 2 O, we observed no peaks in the H 2 O region (3200−3800 cm −1 ), and spectral peaks were observed in the D 2 O region (2300−2800 cm ) for PVNODC in contact with PDMS. A strongly hydrogen-bonded OD peak was observed at 2395 cm −1 and a second peak at 2720 cm −1 . This second peak is not as shifted as what we observed for confined water. An increase in the signal intensity and narrowing of line width suggests an increase in ordering of the confined water between the two surfaces. After separating the PDMS−PVNODC contact, the spectral features in the water region were reversible. The differences in the spectral signatures before and after contact also explain the higher adhesion hysteresis observed for PDMS−PVNODC compared to the PDMS−OTS contact interfaces. The lowered W a underwater was a result of the decrease in PVNODC−H 2 O interfacial energy caused by molecular rearrangements and the presence of confined water observed by SFG.
We ruled out the differences in adhesion values for PDMS in contact with OTS and PVNODC underwater due to differences in surface roughness 43, 44 because the surface energies obtained from the dry JKR measurements are consistent for smooth surfaces. In addition, the surface roughness of dry PVNODC was measured to be rms = 0.3 nm by atomic force microscopy, similar to the roughness of an OTS-coated sapphire substrate. 31 We do not expect the roughness of PVNODC to change drastically underwater because we are below the melting point 31 of PVNODC. By our estimates, the trapping of macroscopic interfacial water is not due to the hydrodynamic forces required to drain water. The drainage force, F drainage = 6πηυr 2 /h, from a 20 nm thin film is less than the force applied (20 nN (drainage) < 10 mN (applied)) and should decrease with time. From Reynold's theory, the drainage time h ∼ t −0.5 is predicted as t drainage < 3 ms 45 (SI7). Both JKR and SFG experiments were slower than the calculated water drainage between two rigid surfaces(t exp,JKR ∼ 3−5 s, t exp,SFG ∼ 20 min). In addition, we do not expect t drainage to be dramatically different for OTS and PVNODC surfaces. It is more likely that the rearrangement of PVNODC hydrophobic side chains at the grain boundary may be responsible for the interstitial water, resulting in the lowered W a . 31 However, the differences in adhesion energy between the JKR and calculated by the Young−Dupréresults are still not understood.
We hypothesized that liquid PDMS contact with OTS or PVNODC results in dry contact, and we tested this by probing the molecular structure of these contact interfaces (Figure 4a−  d) . For the liquid PDMS−OTS, we observed the same spectral features that we observed for a cross-linked PDMS lens in contact with an OTS surface, indicating that the contact is dry and that the structure of the OTS was similar to that observed in contact with air ( Figure 4e ). This confirmed our hypothesis of dry contact underwater from JKR and Young−Dupreḿ easurements. Similar experiments with liquid PDMS in contact with PVNODC underwater resulted in surprising results. We observed the same spectral features in the hydrocarbon region for liquid PDMS and cross-linked PDMS, with a slight change in the relative intensities of the methylene asymmetric peak at 2915 cm −1 and methyl Fermi peak at 2930 cm −1 (Figures 4c,d ). In the water region, we observed a strongly hydrogen-bonded water peak (3115 cm −1 ) and a peak associated with OH groups in contact with hydrophobic surfaces (3700 cm −1 ). The strongly hydrogen-bonded water peak was similar to that of confined water between PDMS lens and PVNODC substrate. However, there were differences in the peak position of the second OH peak at higher wavenumbers. This suggests that there are some structural differences between the confined water between liquid PDMS and PDMS elastomer. In addition, the spectroscopy shows that the liquid PDMS in contact with PVNODC is not a dry contact as indicated by the results of the W a calculated using the Young−Dupréequation. Interestingly, the presence of confined interstitial water has a huge impact on the W a measured using contact mechanics, yet no influence on the W a calculated using the Young−Dupréequation.
The key to understanding the discrepancy in the W a measured by JKR and calculated by the Young−Dupreé quation is the observation of heterogeneous contact between PDMS and the PVNODC surface underwater (Figure 4f ). If the contact was homogeneous, then the Young−Dupreé quation should have predicted the same W a measured using JKR. If the region near the contact line is dry (no confined water), then the Young−Dupréequation will not be sensitive to the confined water in the interior regions, and this would result in the failure of the Young−Dupréequation in predicting the adhesive energy. Stated differently, for heterogeneous surfaces, the Young−Dupréequation would be valid only if the heterogeneity is represented in the contact line. 33 Simulations have found the role of heterogeneity on adhesion at an atomistic length scale, 23 but our findings experimentally confirm what others have theorized at a molecular length scale. In addition, it was only possible to demonstrate the failure of the Young−Dupréequation by combining measurements of dry and wet adhesion, wetting, and in situ SFG spectroscopy at the contact interface underwater.
Finally, we derived a Young−Dupréequation to calculate the fraction of the total area occupied by water (f w ) using the measured angle of liquid PDMS on PVNODC (θ PDMS,PVNODC ) underwater. 
This equation predicts that the heterogeneous W a will be lower by a factor of (1 − f w ) compared to homogeneous contact. Using the measured W a,JKR = 45 mJ/m 2 , γ PDMS,H 2 O = 41 mJ/m 2 , and contact angle measured by placing a drop of liquid PDMS in contact with PVNODC substrate underwater (30°), we predict f w = 0.41. The defects in the ordered layer of hydrophobic PVNODC side chains at the crystalline grain boundaries in contact with water have a profound effect in sequestering water at the PDMS−PVNODC interface underwater.
■ CONCLUSIONS
The presence of interstitial water results from subtle hydrophobic surface rearrangements of the PVNODC interface and has profound importance in many fields with systems far greater in complexity. For example, the removal of water molecules is necessary for protein hydrophobic collapse 3 or the function of the lock and key model prevalent in enzyme catalysis. 22 Interstitial water also has implications for kinetics in dewetting models 44 or how animals achieve strong underwater contact. 46, 47 Overall, this work raises questions about the salient features that promote or prohibit the removal of water between interfaces, 19 the impact of heterogeneity on interfacial processes, 23 and the need to further develop models for hydrophobic interactions. 5 Finally, the presence of interstitial water leads to the breakdown of the Young−Dupréequation that has been used extensively in the literature and highlights the direct need to understand the contacting interface.
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